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Total body irradiation is part of the conditioning regimen necessary for hematopoietic stem cell transplantation (HSCT), which constitutes a life-saving therapy for several malignant and nonmalignant diseases. However, total body irradiation results in severe thymic atrophy and an associated peripheral T cell hypoplasia that may take up to 3 yr from which to fully recover. During this time of compromised immunity, HSCT recipients are at an increased risk of opportunistic infections and tumor relapse. Although the initial homeostatic expansion of transferred donor T cells may contribute to the peripheral T cell compartment, the recovery of a diverse repertoire of naive T cells is strictly dependent on efficient thymic function ([@bib1]).

The thymus is composed of both lymphoid and nonlymphoid cells. The latter constitute the thymic stroma and comprise thymic epithelial cells (TECs) and nonepithelial cells such as fibroblasts and endothelium. Combined, thymic stromal cells play an essential role in T cell development, as they provide microenvironments that facilitate the entry of progenitor cells into the thymus, their intrathymic migration, and differentiation via well-defined stages to mature T cells ([@bib2],[@bib3]).

As the thymus does not contain hematopoietic cells with a self-renewing potential, continued thymic T cell production necessitates a constant immigration of bloodborne precursor cells. Although proposed to originate from BM-resident precursor cells devoid of lineage-specific markers but positive for Sca1 and c-kit (lin^−^Sca1^+^c-kit^+^ \[LSK\]), the specific differentiation stage of precursors that enter the thymus at the corticomedullary junction remains controversial ([@bib4]). Immigration of T cell progenitors constitutes an active process, which necessitates the presence of P-selectin within the thymic microenvironment, and engagement of chemokine receptors such as CXCR4 and CCR9 and adhesion molecules CD44 and integrin α4 on T cell progenitors ([@bib4]). However, neither the identity nor the spatial position of stromal cells that express the respective cognate molecules to these receptors have been precisely defined. Once within the thymus, the newly immigrated T cell precursor cells are termed early thymic progenitors (ETPs), phenotypically characterized as lin^−^c-kit^+^CD25^−^. ETPs undergo extensive in situ expansion and differentiation that eventually give rise to functionally competent and phenotypically mature T cells ([@bib4], [@bib5]). This process is critically dependent on the stromal microenvironment for the expression of Notch ligands ([@bib6], [@bib7]), IL-7 ([@bib8], [@bib9]), and stem cell factor ([@bib10]).

FMS-like tyrosine kinase 3 (Flt3) is expressed on BM and peripheral blood (PB) progenitor cells that can give rise to T cells under physiological conditions ([@bib11], [@bib12]). Flt3 is also expressed on a subpopulation of ETPs, and it is thought that Flt3^+^ ETPs represent the earliest defined intrathymic progenitors ([@bib13]). It is currently unknown whether Flt3 expression by intrathymic T cell progenitors has a functional significance. Flt3 ligand (FL) is expressed in the BM, where it stimulates hematopoiesis ([@bib14]); however, a role for FL in the thymus has not previously been defined. Mice deficient in the expression of either Flt3 or FL display defects in very early T cell development ([@bib11], [@bib13]) comparable to mice rendered deficient for P-selectin glycoprotein ligand 1 and for CXCR4. Hence, the similarities in phenotypes between these different mouse strains, as well as the expression pattern of Flt3, suggest that FL may also play a role in early T cell development.

FL has previously been proposed to contribute to hematopoietic recovery in the context of HSCT, as its serum concentrations are greatly increased after myeloablative conditioning in both mice and humans ([@bib14]). However, the systemic provision of FL in either mice or humans has provided inconclusive findings regarding its role in thymic T cell recovery. FL strongly enhances the circulating stem cell number in humans ([@bib15]), but no discernable effect on thymic function was reported. FL given systematically to mice increased thymic output ([@bib16], [@bib17]), which was possibly but not necessarily the consequence of an expansion of BM-derived T cell progenitors. The recruitment of LSK cells to PB appears to be unaffected by the lack of FL in FL^−/−^ mice, yet Flt3 contributed to the overall efficiency of early thymopoiesis; however, no evidence of intrathymic Flt3/FL signaling was reported ([@bib13]). Therefore, the biological significance of FL expression outside the BM microenvironment, if any, is still largely undefined.

In this report, we investigated a role for FL expression in the recovery of thymopoiesis after irradiation and BM transplantation (BMT) in mice. We found that FL was expressed by thymic perivascular fibroblasts at low levels under steady-state conditions, and FL was rapidly up-regulated on these cells after irradiation. This higher availability of FL correlated with an enhanced recovery of thymic cellularity.

RESULTS AND DISCUSSION
======================

FL is expressed around thymic blood vessels at low levels in wild-type mice and at high levels in Flt3 receptor--deficient (Flt3^−/−^) mice
-------------------------------------------------------------------------------------------------------------------------------------------

The Flt3 receptor is expressed on T cell progenitors in the BM and on a subset of ETPs considered to represent the most immature intrathymic progenitors ([@bib13]). These findings prompted us to examine the thymus for the nature and spatial organization of the cells that express the corresponding FL. For this purpose, adult B6 and Flt3^−/−^ mice were first analyzed for expression of FL under steady-state conditions. Using immunohistochemistry (IHC), FL expression was detected in both mouse strains on perivascular fibroblasts (ER-TR7^+^ and MTS15^+^) that are positioned at the corticomedullary junction between endothelial (CD31^+^) and TEC layers (cytokeratin 5^+^; [Fig. 1, A and B](#fig1){ref-type="fig"}). Wild-type B6 mice had a low expression of FL, whereas Flt3^−/−^ mice displayed higher concentrations of FL.

![**FL is expressed at low levels by thymic perivascular fibroblasts in the B6 mouse and at high levels in the Flt3^−/−^ mouse.** (A) IHC of B6, FL^−/−^, and Flt3^−/−^ mouse thymi. (top) FL only (green). (bottom) FL and ER-TR7 (red) to visualize blood vessels. Bars, 60 μM. (B) IHC of Flt3^−/−^ mouse thymus. (top) FL alone (green). (bottom) FL and staining with a secondary antibody (red), as indicated. MTS15 recognizes perivascular fibroblasts, CD31 endothelial cells, and cytokeratin 5 (K5) medullary TECs. Similar results were obtained with at least five mice for each genotype. Bars, 60 μM. (C) FCM analysis of FL expression on thymic stromal cell subsets of B6, Flt3^−/−^, and FL^−/−^ mice. TECs are defined as CD45^−^EpCAM^+^, nonepithelial stromal cells as CD45^−^EpCAM^−^, and thymic fibroblasts as MTS15^+^CD45^−^EpCAM^−^ (MTS15^+^). FL expression (bolded line) and isotype (continuous line) are shown. Numbers in plots indicate the MFIR (MFI of FL/MFI of isotype control). All experiments were repeated at least three times with cells purified from different mice (all aged 8 wk).](jem2050523f01){#fig1}

As FL can be retained intracellularly ([@bib14]), we determined whether thymic FL observed by IHC is cell-surface expressed by flow cytometry (FCM) in Flt3^−/−^ mice. As shown in [Fig. 1 C](#fig1){ref-type="fig"}, FL was expressed on the surface of non-TEC stromal cells (CD45^−^ epithelial cell adhesion molecule \[EpCAM\]^−^) and, specifically, on perivascular fibroblasts (MTS15^+^). Gating of stromal populations is shown in Fig. S1 (available at <http://www.jem.org/cgi/content/full/jem.20072065/DC1>). These findings closely paralleled IHC results. An identical FL expression pattern was also observed in the B6 thymus at a lower intensity, with a mean fluorescence intensity ratio (MFIR) of 1.8 compared with 15 on MTS15^+^ cells from Flt3^−/−^ mice ([Fig. 1 C](#fig1){ref-type="fig"}), underscoring the physiological expression of FL by non-TEC stromal cells, including perivascular fibroblasts.

FL expression is up-regulated on thymic stromal cells after irradiation
-----------------------------------------------------------------------

Myeloablative irradiation largely depletes the thymus of lymphoid cells and also damages the cellular composition and organization of thymic stroma ([@bib18]). To assess the impact of irradiation on FL expression, thymic stromal cells from sublethally or lethally irradiated B6 mice were analyzed by IHC and FCM. According to IHC, 4 d after sublethal irradiation FL expression was up-regulated around thymic blood vessels, displaying an expression pattern and intensity similar to that of Flt3^−/−^ mice (compare [Fig. 2 \[A--D\]](#fig2){ref-type="fig"} with [Fig. 1 \[A and B\]](#fig1){ref-type="fig"}). FCM revealed increased concentrations of FL on the surface of non-TEC stromal cells (CD45^−^EpCAM^−^), particularly MTS15^+^ fibroblasts after both sublethal and lethal irradiation ([Fig. 2 E](#fig2){ref-type="fig"}). The up-regulation of FL on B6 thymic stromal cells reached a peak 4--5 d after sublethal irradiation and returned to pretreatment values by day 7 ([Fig. 2 F](#fig2){ref-type="fig"}). The transient increase in FL expression in B6 mice correlated with the period of decreased thymic cellularity ([Fig. 2 G](#fig2){ref-type="fig"}). The constitutively high level of FL expression observed in Flt3^−/−^ mice did not increase after irradiation (Fig. S2, available at <http://www.jem.org/cgi/content/full/jem.20072065/DC1>). FL mRNA was found not to increase after irradiation in stromal cells of both B6 and Flt3^−/−^ mice, supporting a posttranslational control of FL expression (Fig. S3). Collectively, these results show that FL is expressed in B6 mice at low levels on the surface of thymic stromal cells, including perivascular fibroblasts, and that this expression is up-regulated after lethal and sublethal irradiation.

![**FL is up-regulated by perivascular fibroblasts in the B6 mouse after irradiation.** (A--D) IHC analysis of FL expression in the B6 mouse 4 d after sublethal irradiation. (top) FL alone (green). (bottom) FL with a secondary antibody (red), as indicated. Bars, 60 μM. (A) MTS15, (B) ER-TR7, (C) CD31, and (D) K5. Similar results were obtained with at least 5 mice for each genotype. (E) FCM analysis of FL expression on B6 thymic stromal cells, untreated and at 4 d after sublethal or lethal irradiation, as indicated. Thymic populations are defined as in [Fig. 1](#fig1){ref-type="fig"}. FL expression (bolded line) and isotype (continuous line) are shown. Numbers in plots indicate MFIR. All experiments were repeated at least three times with cells purified from different mice (all aged 8 wk). (F) Temporal expression of FL on thymic stroma of the B6 mouse after sublethal irradiation. Plots show FL expression on MTS15^+^ nonepithelial stromal cells at the time points indicated after irradiation. FL expression (bolded line) and isotype (continuous line) are shown. Numbers in plots indicate MFIR. Similar results were obtained from at least three different mice at each time point indicated. (G) Thymus cellularity in B6 mice after sublethal irradiation at the time points indicated after irradiation.](jem2050523f02){#fig2}

Thymic stromal FL expression enhances the recovery of thymopoiesis after irradiation
------------------------------------------------------------------------------------

To investigate a specific effect of FL expression by thymic stromal cells on thymopoiesis, BM chimeras were generated in which transplanted wild-type B6 precursor cells developed in irradiated B6, Flt3^−/−^, or FL^−/−^ recipients. The presence of donor-derived cells (CD45.1^+^) was analyzed in the different recipients (CD45.2^+^) at several time points after BMT.

At 10 d after conditioning and BMT, both Flt3^−/−^ and the FL^−/−^ recipient mice had comparable levels of donor-derived LSK cells in the BM and PB, which were significantly lower than in transplanted B6 mice (Fig. S4 A, available at <http://www.jem.org/cgi/content/full/jem.20072065/DC1>). The frequency of donor-type lineage-negative Flt3^+^ cells was also significantly reduced in both FL^−/−^ and Flt3^−/−^ mice (Fig. S4 B) despite a high level of soluble FL in the sera of Flt3^−/−^ mice (not depicted). This may be caused by a lower engraftment efficiency in the Flt3^−/−^ mouse or to a reduced bioavailability of the soluble compared with the membrane-bound form of FL, as has been suggested previously for FL ([@bib19]) and is the case with the closely related c-kit ligand ([@bib20]).

To determine whether cells entering the thymus after irradiation and BMT may be directly affected by the presence or absence of FL, donor-derived intrathymic progenitors were assessed for Flt3 receptor expression at 7 and 10 d after BMT. It was found that 17 ± 2% of ETPs and 14 ± 1% of triple-negative (TN) 1 cells expressed the Flt3 receptor and, thus, could respond to FL expressed by thymic stromal cells ([Fig. 3 A](#fig3){ref-type="fig"}).

![**Enhanced thymic reconstitution after lethal irradiation is dependent on thymic stromal FL expression.** (A) Flt3 receptor expression on TN cell populations 7 and 10 d after lethal irradiation and BMT. Flt3 expression (black line) and isotype (gray line) are shown. Numbers in plots indicate the Flt3^+^ cell percentage ± SEM. (B--E) Reconstitution of thymus with donor-derived cells after irradiation and BMT at the time points indicated. (B) Total donor-derived cells. (C) Cell numbers of donor-derived TN subpopulation. (D) ETP cell numbers. (E) iTCR expression on TN4 cells at 7 and 10 d after BMT. iTCR expression (bolded line) and isotype (continuous line) are shown. Numbers in the plots indicate the iTCR-positive cell percentage ± SEM. *n* = 5 in all experiments. Error bars represent SEM. Statistics are based on an unpaired *t* test analysis. \*, P \< 0.05; \*\*, P \< 0.005; \*\*\*, P \< 0.0005.](jem2050523f03){#fig3}

At 7 and 10 d after irradiation and BMT, the number of donor-derived thymocytes was significantly higher in Flt3^−/−^ mice and significantly lower in FL^−/−^ mice ([Fig. 3 B](#fig3){ref-type="fig"}). At 14 d, the total number of donor-derived cells in the thymus was similar for all experimental groups, indicating that the effect of FL is evident very early after transplantation.

To determine whether the donor-derived cells detected in the thymus are committing to the T cell lineage, we analyzed TN populations based on a lack of lineage markers and a sequential change in CD44 and CD25 expression ([@bib21]). At 7 d after irradiation and BMT, all donor-derived cells in the thymus were either of the TN1 (CD45.1^+^ Lin^−^ CD44^+^CD25^−^) or TN4 (CD45.1^+^ Lin^−^ CD44^−^CD25^−^) phenotype, regardless of the genetic background of the recipients ([Fig. 3 C](#fig3){ref-type="fig"}). This distribution pattern may be caused by a rapid progression of transplanted cells to the TN4 stage or entry of cells that have already attained a TN2/TN3 phenotype (CD45.1^+^ Lin^−^ CD44^+^CD25^+^ and CD45.1^+^ Lin^−^ CD44^−^CD25^+^, respectively) outside the thymus ([@bib22]). The number of TN4 cells on day 7 was significantly lower in FL^−/−^ mice and significantly higher in Flt3^−/−^ mice. To confirm that cells gated as TN4 are indeed committed T cell progenitors, we examined intracellular TCRβ (iTCR) expression. We found that 56 ± 4% of the TN4 cells at day 7 and 28 ± 5% at day 10 after BMT in the B6 mouse express iTCR ([Fig. 3 E](#fig3){ref-type="fig"}). Additionally, TN1 and TN4 donor-derived cells were FCM purified from mice 7 d after BMT and cultured on an OP9--delta-like 1 (OP9-DL1). Both populations underwent growth and differentiation, and up-regulated TCRβ (Fig. S5, available at <http://www.jem.org/cgi/content/full/jem.20072065/DC1>).

10 d after conditioning and BMT, a small number of double-positive cells (CD4^+^CD8^+^) were detected in all groups (Fig. S6, available at <http://www.jem.org/cgi/content/full/jem.20072065/DC1>), presumably developing from TN4 cells observed at day 7. At day 10, Flt3^−/−^ mice had significantly more donor TN cells of all subpopulations when compared with either FL^−/−^ or B6 hosts, whereas FL^−/−^ mice had significantly fewer ([Fig. 3 C](#fig3){ref-type="fig"}). At day 14, FL^−/−^ mice continued to show a decrease in TN1 and TN2 numbers compared with the other two mouse groups. It should be noted that FL has been proposed to act in an autocrine manner ([@bib11]), as wild-type progenitor cells can be induced to express FL; however, these donor cells are unable to compensate for the lack of stromal-expressed FL in the FL-deficient environment.

Donor-derived ETPs (CD45.1^+^ Lin^−^c-kit^+^CD25^−^ cells) could not be identified in any experimental mouse group at day 7 after irradiation and BMT. The donor-derived TN1 cells seen at day 7 do not correspond to ETPs but may represent non--T lineage progenitors. At later time points, at 10 and 14 d, significantly more ETPs could be detected in Flt3^−/−^ and B6 recipients when compared with FL^−/−^ hosts ([Fig. 3 D](#fig3){ref-type="fig"}).

To visualize the intrathymic location of transplanted cells, mice of all three strains were lethally irradiated and transplanted with T cell--depleted syngeneic GFP^+^ BM cells. IHC analysis at day 10 after treatment demonstrated that in all groups, donor-derived cells were found in MTS15^+^ regions ([Fig. 4](#fig4){ref-type="fig"}). In accordance with FCM analysis ([Fig. 3](#fig3){ref-type="fig"}), more GFP^+^ cells were seen in irradiated B6 and Flt3^−/−^ recipients than in FL^−/−^ hosts. As newly immigrated thymic progenitors reside in the corticomedullary junction for up to 10 d ([@bib23]), this association infers that immigrating progenitors are maintained in physical and functional contact with thymic stromal cells expressing FL.

![**Analysis of GFP^+^ cells after irradiation and BMT.** IHC of B6, FL^−/−^, and Flt3^−/−^ thymi 10 d after lethal irradiation and BMT of T cell--depleted syngeneic GFP^+^ BM cells. Donor-derived GFP^+^ cells are shown in green. MTS15 staining is in red. (bottom) Enlarged views of the areas indicated by boxes in the top panels. Bars ,120 μM.](jem2050523f04){#fig4}

The present report demonstrates the functional relevance of the expression of the Flt3 receptor on thymic progenitors colonizing the thymus after irradiation, as these cells may respond to FL expression by thymic stromal cells. Moreover, these findings also provide an explanation for the10-fold reduction observed in the number of TN1 and TN2 cells in unirradiated Flt3^−/−^ and FL^−/−^ mice ([@bib11], [@bib13]), indicating that FL may also play a role in thymopoiesis under physiological conditions.

Intrathymic FL enhances thymocyte cell number
---------------------------------------------

To test whether FL stimulates the proliferation and/or differentiation of intrathymic T cell precursors independent of immigration into the thymus, B6 CD45.1^+^ BM LSK cells were directly injected into a single lobe of sublethally irradiated B6 and FL^−/−^ mice. 8 d later, there were at least 2-fold more donor-origin cells in the B6 thymus and a 5.7-fold increase in cells that had committed to the T cell lineage (i.e., TN3 cells; [Fig. 5, A and B](#fig5){ref-type="fig"}). When injections were performed using thymic-derived ETPs, a similar 2.8-fold increase in donor-derived cell number and a 2.5-fold increase in T lineage--committed cells was observed in the B6 as compared with the FL^−/−^ mice ([Fig. 5, C and D](#fig5){ref-type="fig"}). These results indicate that intrathymic expression of FL enhances the proliferation of T cell precursors and/or their commitment to the T cell lineage.

![**Intrathymic FL expression increases donor-derived cell numbers.** CD45.1^+^ LSK cells (A and B) or ETPs (C and D) were injected intrathymically into B6 (CD45.2^+^) and FL^−/−^ (CD45.2^+^) thymi after sublethal irradiation. (A and C) Total donor-derived cell numbers 8 d after intrathymic injection (CD45.1^+^ gated). (B and D) Numbers of donor-derived cells that had progressed to the TN3 stage of development (CD45.1^+^ gated). *n* = 8 in all experiments. (E--I) B6 and FL^−/−^ E15 lobes were grafted under opposite kidney capsules in FL ^−/−^ hosts and allowed to engraft for 3 wk. (E) Gross anatomy of kidneys engrafted with B6 or FL^−/−^ lobes (four lobes per kidney) 10 d after lethal irradiation and BMT with GFP^+^ BM cells. (F) FCM analysis of FL expression on MTS15^+^ fibroblasts in B6 lobes 4 d after lethal irradiation. FL expression (bolded line) and isotype (continuous line) are shown. Number in the plot indicates MFIR. (G--I) Donor-derived (GFP^+^) cell numbers 10 d after lethal irradiation and BMT in grafted thymic lobes. (G) Total donor-derived cells. (H and I) Donor-derived thymic subpopulation cell numbers. *n* = 6 in all experiments. Error bars represent SEM. \*, P \< 0.05; \*\*, P \< 0.005; \*\*\*, P \< 0.0005.](jem2050523f05){#fig5}

The importance of an FL-mediated expansion of T cell progenitors has been suggested previously by fetal thymic organ studies ([@bib24]) and by the inability of Flt3^−/−^ progenitors to compete with wild-type cells in the generation of mature T cells in a wild-type mouse, even when transplanted at a fourfold excess ([@bib25]). Intrathymic injection experiments do not, however, preclude a role for FL as a chemoattractant for the immigration of cells into the thymus or for attracting ETPs to their proposed niche once these cells have gained access to the thymus.

To definitively show an intrathymic requirement for FL in thymopoiesis after BMT, we performed thymic grafting experiments in which embryonic day 15 (E15) B6 and FL^−/−^ thymic lobes were grafted under opposite kidney capsules of the same FL^−/−^ host. In this setting, only the grafted B6 thymic stroma can express FL. Lobes were allowed to mature, and mice were lethally irradiated before BMT. B6 lobes were visually larger than FL^−/−^ lobes ([Fig. 5 E](#fig5){ref-type="fig"}) and up-regulated FL on the surface of MTS15^+^ fibroblasts after irradiation ([Fig. 5 F](#fig5){ref-type="fig"}). Furthermore, 10 d after BMT, B6 lobes had a threefold increase in donor-derived cell numbers compared with FL^−/−^ grafted lobes ([Fig. 5 G](#fig5){ref-type="fig"}). All thymocyte populations from double-negative to single-positive cells were significantly affected by the thymic stromal expression of FL ([Fig. 5 H](#fig5){ref-type="fig"}). Notably, there was a 10-fold increase in ETPs in B6 when compared with FL^−/−^ lobes ([Fig. 5 I](#fig5){ref-type="fig"}), demonstrating that expression of FL by the thymic stroma has a significant effect on thymopoiesis in the absence of any effect FL may have on the BM.

Given the number of progenitor cells entering the thymus under steady-state conditions and after irradiation is very low ([@bib26]), as well as the massive expansion these cells then undergo as ETPs, it can be postulated that the interaction of thymic progenitors expressing the Flt3 receptor with stromal FL drives an increase in thymic cellularity that can translate to a marked increase in thymic output.

This report used irradiated recipient mice, as this parallels the clinical situation of conditioning before HSCT performed routinely to treat hematological malignancies. Although irradiation does not appear to change the kinetics of early T cell development ([@bib23]), previous studies have demonstrated that the thymic microenvironment is altered after this treatment. Although ETPs are dependant on stem cell factor ([@bib10]) and IL-7 ([@bib8]) production by the thymic microenvironment for their survival and proliferation, IL-7 production is decreased in TECs after irradiation (unpublished data) ([@bib18]). In contrast, FL expression is increased even after sublethal doses of irradiation, suggesting that Flt3^+^ progenitors may undergo preferential expansion in this setting.

Chemokine receptors such as CCR9 and CXCR4 and adhesion molecules such as CD44 are known to play a role in early thymopoiesis ([@bib4]). In this report, we provide evidence that expression of the Flt3 receptor by thymic progenitors is also functionally important and not merely a legacy from stem cells, as is the case for many genes expressed by T cell progenitors ([@bib27]). Flt3 expression allows cells to respond to stromal cell--expressed FL, which may drive the extensive expansion of thymic settling cells and leads to a significant increase in early T cell numbers.

The use of FL in immunotherapy will not be straightforward, as the administration of soluble FL does not appear sufficient to enhance thymic function after irradiation. However, we show that the localized membrane-bound expression of FL in the thymus can lead to an enhanced thymic recovery. Delayed T cell recovery after irradiation represents one of the major causes of HSCT-related mortality. Although cytokine treatments are used clinically to increase levels of other cell types, such as granulocytes, after myeloablative stress ([@bib28]), no cytokine treatment has been demonstrated to increase naive T cell number without deleterious side effects. The current report identifies for the first time functionally relevant FL expression in the thymus. This provides a better understanding of thymic recovery after myeloablative stress, which could in turn translate to the design of strategies to improve thymic recovery after HSCT.

MATERIALS AND METHODS
=====================

Mice.
-----

C57BL/6, CD45.2^+^ (B6), C57BL/6, CD45.1^+^ (CD45.1), C57BL/6-transgenic (ACTB-EGFP), Flt3 knockout CD45.2^+^ (Flt3^−/−^; provided by I. Lemischka, Princeton University, Princeton, NJ), and FL knockout CD45.2^+^ (FL^−/−^; provided by J.J. Peschon, Amgen, Seattle, WA) mice were bred and maintained under pathogen-free conditions in the animal facility of the Department of Biomedicine at the University Hospital Basel. Mice used in experiments were age and sex matched and used at ages 4--12 wk. All experiments were performed in accordance with institutional and federal regulations, and were approved by the veterinary office of the canton of Basel.

IHC.
----

Thymi tissue sections were prepared as previously described ([@bib29]) and blocked with PBS/10% mouse serum. Primary mAbs used were anti-FL--biotin (R&D Systems), anti--ER-TR7 (provided by W. van Ewijk, Leiden University, Leiden, Netherlands), anti-CD31 (clone MTS12), anti-MTS15 ([@bib29]), and anti--cytokeratin 5 (Covance). Secondary antibodies and reagents used for detection were all obtained from Invitrogen. The threshold of detection for FL was determined by analysis of anti-FL immunoreactivity on FL^−/−^ tissue. Images were captured on a laser scanning confocal microscope system (LSM 510 Meta; Carl Zeiss, Inc.).

Cell preparations and multicolor FCM analysis.
----------------------------------------------

Thymocyte single-cell suspensions were prepared by mechanically disrupting the thymus using frosted glass slides. PB was obtained from the vena cava, and BM was recovered by flushing both femurs and tibias with IMDM (Invitrogen)/2% FCS.

The following mAbs were directly coupled to fluorescein isothiocyanate, phycoerythrin, phycoerythrin-Cy7, allophycocyanin, or biotin, and were commercially obtained from BD Biosciences or eBioscience: B220, CD3, CD4, CD8, CD11b, CD11c, CD19, Gr-1, NK1.1, TCRβ, and TCRγδ (designated as lineage markers for use in TN thymocyte detection); and Sca-1, CD25, CD31 (MTS12), CD44, CD45.1, CD45.2, CD117, CD135, and EpCAM. Surface marker expression was visualized with a FACSCalibur and analyzed with CellQuest software (Becton Dickinson). LSK and ETP cells were sorted to \>98% purity on a FACSAria (Becton Dickinson).

Thymic stromal cells were prepared as described previously ([@bib29]), with minor alterations. In brief, thymi were dissected and digested with 0.01% (wt/vol) DNaseI (Sigma-Aldrich) and 0.15% (wt/vol) collagenase D (Cedar Lane). Dissociated cells were subsequently incubated with 10 mM PBS/EDTA, resuspended in Percoll (1.115 g/cm^3^), and layered with Percoll (1.065 g/cm^3^) and PBS on top. Gradients were centrifuged at 1,220 *g* at 4°C for 30 min. Low density cells were subsequently stained using mAbs to CD45, CD31, EpCAM, FL, and MTS15. FCM gating of stromal cells is shown in Fig. S1 (available at <http://www.jem.org/cgi/content/full/jem.20072065/DC1>).

Irradiation and congenic BMT.
-----------------------------

Mice were irradiated sublethally with a single dose of 6 Gy or lethally with a split dose of 10 Gy, using a ^137^Cs source (0.91 Gy/min). Mice were subsequently intravenously grafted with 2.5 × 10^6^ T cell--depleted, CD45.1^+^, or GFP^+^ BM cells. T cells were depleted by incubation of cells with anti-CD4 and -CD8 antibodies (our preparation) for 1 h at 4°C, followed by incubation with complement (Cedar Lane) for 1 h at 37°C.

Intrathymic injections.
-----------------------

B6 and FL^−/−^ mice were sublethally irradiated (6 Gy) and intrathymically injected with 2,000 CD45.1^+^ LSK cells or 2,000 CD45.1^+^ ETP cells into a single thymic lobe, as previously described ([@bib26]). For each experimental mouse, the uninjected, contralateral thymic lobe was used as control.

RT-PCR.
-------

RNA was isolated with TRI[zol]{.smallcaps} (Invitrogen), and quantitative real-time RT-PCR was performed with TaqMan Universal PCR Master Mix (Applied Biosystems) and analyzed on an ABI Prism 7000 (Applied Biosystems). Primer sequences were as follows: RPL19 forward, 5′-ATCCGCAAGCCTGTGACTGT-3′; RPL19 reverse, 5′-TCGGGCCAGGGTGTTTTT-3′; FL forward, 5′-CACCTCATGTACCTTCCAGCC-3′; and FL reverse, 5′-GTCTGGACGATTCGCAGACA-3′.

OP9-DL1 seeding.
----------------

TN1 and TN4 cells were purified to a purity of \>98% on a FACSAria and seeded onto an OP9-DL1 monolayer. Cells were cultured for 3 wk and analyzed by FCM.

Grafting.
---------

Adult FL^−/−^ mice were transplanted with B6 and FL^−/−^ E15 thymic lobes under opposite kidney capsules, as previously described ([@bib30]). Grafts were allowed to mature for 3 wk. Mice were lethally irradiated (10 Gy) and intravenously grafted with 5 × 10^6^ T cell--depleted GFP^+^ BM cells. Transplants were analyzed by FCM.

Statistical analysis.
---------------------

Significance was analyzed by the unpaired, one-tailed Student\'s *t* test using Prism4 software (GraphPad). We considered p-values \<0.05 significant (\*, P \< 0.05; \*\*, P \< 0.005; \*\*\*, P \< 0.0005). Error bars represent SEM values.

Online supplemental material.
-----------------------------

FCM gating used for stromal cell analysis is shown in Fig. S1. Fig. S2 demonstrates that Flt3^−/−^MTS15^+^ fibroblasts do not increase expression of FL after irradiation. Fig. S3 shows that mRNA expression of FL by thymic stromal cells does not increase after irradiation. Fig. S4 shows reconstitution of the BM and PB by donor cells 10 d after irradiation and BMT. Fig. S5 shows TCRβ up-regulation by TN1 and TN4 cells after culture on an OP9-DL1 monolayer. Fig. S6 shows numbers of donor-derived double-positive (CD4^+^CD8^+^) cells after irradiation and BMT. Online supplemental material is available at <http://www.jem.org/cgi/content/full/jem.20072065/DC1>.
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